Objectives: Berry syndrome is a combination of distal aortopulmonary window (APW), aortic origin of the right pulmonary artery (RPA), intact ventricular septum, and interrupted aortic arch. We present here our current experience of primary repair of this syndrome with the goal of optimizing treatment for this rare condition.
Perspective
Berry syndrome is an extremely rare condition, and most of the published literature is comprised of case reports. Our experience with 16 infants shows that one-stage repair has achieved acceptable outcomes. Reoperations mainly are related to aortic or RPA stenosis, and the reoperation rate is higher when RPA arterioplasty is performed with an aortic cuff.
See Editorial Commentary page 1148.
The association of distal aortopulmonary window (APW), aortic origin of the right pulmonary artery (RPA), intact ventricular septum, and interruption or coarctation of the aortic isthmus was described as a syndrome by Teresa E. Berry in 1982. 1 The Berry syndrome is extremely rare, and most of the published literature comprises case reports or includes patients in whom there is an association between APW and an interrupted aortic arch (IAA). [2] [3] [4] Until recently, the number of patients with Berry syndrome in the available literature was no greater than 40. 5 The anatomic characteristics mainly focus on the size and location of the APW, the origin of the RPA, and the type and range of IAA. Because of the large APW and the anomalous origin of the RPA from the aorta (AORPA), critical pulmonary hypertension appears early after birth. The RPA usually is dilated due to the consistent left-to-right shunt from the aorta, which also causes tracheal airway compression before surgery. The perfusion of the lower body is entirely from the patent ductus arteriosus (PDA) and depends on the communication between the aorta and pulmonary arteries through the APW. Therefore, early surgical correction in the neonatal period is recommended in these patients to protect the pulmonary vascular bed from irreversible hypertension and to restore normal perfusion of the lower body organs.
Three different methods of surgical correction have been described to repair the APW and AORPA, including intraaortic baffle, RPA detachment, and RPA angioplasty with aortic cuff. Because of the combination of these 2 congenital anomalies, surgical treatment seems to be more diverse and difficult when compared with what typically is necessary and used to repair these anomalies when they occur in isolation. There have been no large retrospective studies investigating the surgical outcomes to compare these 3 methods. Here, we summarize the comparison of the different one-stage surgical corrections and assess patient outcomes, including mortality, supravalvar aortic, and RPA stenosis over a longer follow-up period.
PATIENTS AND METHODS
Between January 2003 and December 2015, 16 infants with the diagnosis of Berry syndrome underwent one-stage complete repair at the Shanghai Children's Medical Center. The hospital ethics committee approved this study and waived the need for individual consent. Data were collected retrospectively from hospital records and outpatient clinics, as well as telephone follow-up.
Preoperative Characteristics
The diagnosis of Berry syndrome was made with transthoracic echocardiography (TTE), cardiac computed tomography, or magnetic resonance imaging in all patients, in addition to cardiac catheterization in 2 patients. The IAA morphology was specified according to the classification reported by Celoria and Patton. 6 The APW type was based on the original classification of Mori 7 and Berry's supplementary pathologic findings. 1 Type I is a proximal defect just above the sinus of Valsalva. Type II is a distal defect that is more cephalad on the ascending aorta (AAO). Type III is a total defect that is a combination of proximal and distal defects. Type II APW defects were further divided into 2 subtypes according to Berry. One is accompanied with a straddling RPA (IIa), which is hemodynamically related to the AAO but still maintains the continuity with the main pulmonary artery (MPA) and left pulmonary artery (LPA). This subtype of APW defect usually is extended to the middle or even right posterior wall of the AAO, which is large and backward. The other is associated with a completely separated RPA (IIb), which is both hemodynamically and anatomically related to the AAO. This subtype of APW defect is anterior and lateral on the AAO, which usually is small and forward.
Operative Technique
Once diagnosed, the patient underwent surgery. Cardiopulmonary bypass (CPB) was used in all patients. These patients underwent surgical correction under deep hypothermia with low-flow antegrade selective cerebral perfusion (DHLF) or deep hypothermic circulatory arrest (DHCA), or mild hypothermia with low-flow antegrade selective cerebral perfusion (MHLF). The temperatures for deep hypothermia and mild hypothermia were 20 C and 28 C, respectively. Blood flow for selective cerebral perfusion was 40 to 60 mL/kg/min.
Surgery was performed through median sternotomy (Video 1). CPB was established by bicaval cannulas and with the insertion of 2 arterial cannulas: one on the right lateral side of the distal AAO and the other connected to the arterial tubing by a Y connector on the descending aorta (DAO) through the MPA and PDA. After CPB was initiated, both the LPA and RPA were snared to prevent flooding of the pulmonary circulation. After cooling to the appropriate temperature, the aorta was cross-clamped and cold blood cardioplegia was infused into the aortic root. The APW was approached via longitudinal incision through the anterior aortic wall and AORPA was reconstructed by using intra-aortic patch to redirect the flow from the MPA to RPA. IAA was then reconstructed by end-to-side anastomosis with patch augmentation. CT, Computed tomography; IAA, interrupted aortic arch; APW, aortopulmonary window; AORPA, aortic origin of the right pulmonary artery; MPA, main pulmonary artery; RPA, right pulmonary artery. Video available at: http://www.jtcvsonline. org/article/S0022-5223 (16) In 5 patients, a trimmed intra-aortic baffle patch (bovine pericardial patch in 3 patients, expanded polytetrafluoroethylene patch in 2 patients) was used to close the defect with a 5-0 or 6-0 continuous Prolene suture (Ethicon, Inc, Somerville, NJ), and the RPA was drained simultaneously into the side of the MPA, redirecting the flow from the MPA to the RPA (Figure 1, B) . The patch inside the aorta was sewn away from the margins of the defect as well as the opening of the RPA to avoid postoperative stenosis. After the completion of the APW repair, the anterior aortic wall was closed with a direct suture.
In the remaining 11 patients, translocation of the RPA to the MPA was used. Among them, the AAO was transected above and below the level of the RPA in 5 patients, leaving its posterior aortic cuff to constitute the posterior wall of the RPA (Figure 1 , C). The RPA was closed with a direct suture, and the AAO was repaired with a direct end-toend anastomosis in 4 patients or augmented with a pericardial patch in 1 patient (Figure 1, D) .
In the other 6 patients, the RPA was detached from the aorta at its origin ( Figure 1 , E), and the MPA also was excised along the vertical incision in the APW. Both the RPA and MPA required aggressive mobilization to ensure a maximum length and flexible reconstruction. The RPA was then directly reconstructed to the right lateral side of the MPA in an end-toside anastomosis or augmented with a patch in the anterior wall if necessary (Figure 1, F) . In 1 patient, the RPA was brought anteriorly to the aorta before reconstruction. A pericardial patch was then used to close the aortic wall defect.
After completion of the APW and AORPA repair, the IAA was then reconstructed. The descending aortic cannula was first removed and extensive dissection of aortic arch and DAO was performed to minimize tension. In patients with DHLF and MHLF, the ascending aortic cannula was further inserted into the innominate artery. In patients with DHCA, all great arches were snared, and the aortic cannula was removed. The PDA was divided distally and all ductal tissue was resected. An incision was then made from the base of the left subclavian artery in patients with type A IAA and the left common carotid in patients with type B IAA. The DAO was anastomosed to the aortic arch by an end-to-side anastomosis with a patch augmentation in the anterior wall. In 2 type B patients, the left subclavian artery also was divided from the PDA and reanastomosed to the appropriate position in the aortic arch after the completion of arch reconstruction.
Follow-up
Patients were followed 1 month, 3 months, and 6 months after discharge, then every 6 months for the next 18 months, and then regularly every 12 months. Physical examination, echocardiography, electrocardiography, and cardiac function were evaluated in our outpatient department. If any stenosis was detected, cardiac computed tomography or magnetic resonance imaging was then performed.
Statistical Analysis
Data was analyzed with SPSS software, version 20.0 (IBM Corp, Armonk, NY). Continuous variables were presented as mean AE standard deviation or median and range for skewness variables. Categorical variables are expressed as frequency and percentages. A Kruskal-Wallis test was used to compare the differences among the 3 groups. P values of < .05 were considered statistically significant. Estimates for freedom from reoperation were made by the Kaplan-Meier method.
RESULTS
The median age at repair was 90.5 days (range, 8-170 days). The median weight was 4.2 kg (range, 2.7-6.4 kg). Four patients (25.0%) underwent surgical repair in the neonatal period. Among them, prenatal diagnosis was made in 2 patients; therefore, they underwent surgery shortly after birth. Other presenting symptoms included severe pneumonia in 5 patients, cyanosis in 5 patients, and cardiac murmur on auscultation in 4 patients. Twelve patients (75.0%) were male.
The IAA morphology was type A in 14 patients (87.5%) and type B in 2 patients (12.5%). The APW morphology was type IIa (Figure 2 Table 1 .
Preoperative mechanical ventilation was required in 2 patients (12.5%). These patients had demonstrated left bronchi compression secondary to the dilated RPA. Prostaglandins were not administered in the preoperative period. 
Early Postoperative Outcomes
Of 16 patients, 2 (12.5%) died in the hospital. Patient 5 had severe pneumonia and congestive heart dysfunction before surgery and received preoperative mechanical ventilation for airway compression. After surgical repair, he still suffered severe hypoxemia and prolonged respiratory infection. No residual stenosis could be detected on postoperative TTE. Although high-frequency ventilation with antibiotic therapy was applied, the patient died of multiorgan dysfunction on postoperative day 26. The hemodynamics of patient 10 were unstable soon after surgery. Emergency exploratory sternotomy was performed, and bleeding at the anastomosis site was found. He died on postoperative day 1 despite immediate hemostasis.
The mean time for mechanical ventilation was 128.7 AE 62.9 hours (range, 45-240 hours), and the mean time for intensive care unit stay was 12.4 AE 5.9 days (range, 5-25 days). Delayed sternal closure was performed in 10 patients (62.5%). Peritoneal dialysis was required in 4 patients (25.0%). Four patients with postoperative stridor, hoarseness, and weak cry underwent fiberoptic laryngobronchoscopy. Left vocal cord paralysis was found in 2 patients, suggesting recurrent laryngeal nerve injury. No feeding difficulties occurred.
Two patients had pulmonary hypertensive crisis immediately after cessation of CPB, and hemodynamics could not be maintained. Pulmonary-to-systemic blood pressure ratio was 1.0. CPB was applied once again and inhaled iloprost solution was administered. Pulmonary-to-systemic blood pressure ratio decreased to 0.4 to 0.5 after the cessation of CPB. Postoperative pulmonary vasodilation therapy was administered to all patients. In the first 3 days after surgery, a strategy for combination usage of inhaled iloprost solution (500 ng/kg/dose, 6-8 times a day) and oral bosentan (2 mg/kg/dose, twice a day) was used. During these days, the frequency of iloprost solution was decreased gradually. Patient 16 had pulmonary hypertension crisis 5 days after surgery. The hemodynamics of this patient were suddenly unstable, with heart rate decreasing to 50 to 60 beats per minute, blood pressure decreasing to 50/20 mm Hg, and peripheral oxygen saturation unable to detect. Treprostinil was administered to decrease the pulmonary artery resistance. All patients underwent TTE before discharge to assess the pulmonary arterial pressure indirectly by measuring the tricuspid regurgitation gradient. Six patients were on bosentan after discharge. Three months later, their tricuspid regurgitation gradient decreased below 40 mmHg, and bosentan was then discontinued.
Postoperative RPA stenosis caused by the compression from the AAO was identified in patient 11. This patient previously received RPA arterioplasty with aortic cuff and a direct end-to-end aortic anastomose. Lecompte maneuver was performed on postoperative day 7 to release the compression of the RPA.
Follow-up and Reoperations
Mean follow-up time was 4.8 AE 3.7 years (range, 0.2-12.3 years). Follow-up death occurred in 1 patient (7.1%). Patient 13 was readmitted to our department because of dyspnea at 2 months after discharge. TTE showed RPA gradient was 30 mm Hg but left ventricular ejection fraction couldn't be evaluated. High dose of inotropes and mechanical ventilation was applied. During the second TTE 1 day after admission, the patient's vital sign was suddenly unstable. The patient died before we could do further examination to find the cause. Freedom from reoperation was 84.8%, 75.4%, and 75.4%, respectively at 1, 5, and 10 years after surgery (Figure 3 ).
Reoperations were required in 2 patients during the follow-up period. Both patients underwent RPA arterioplasty with aortic cuff previously. Patient 1 suffered dyspnea and cyanosis at 4 months after discharge. TEE showed an aortic arch stenosis at the anastomotic site with a pressure gradient of 64.0 mm Hg as well as RPA stenosis due to the compression by the shortened and enlarged AAO. Aortic arch reconstruction and RPA arterioplasty with bovine pericardial patch augmentation was then performed. Patient 8 had a moderate RPA stenosis at 2 years after discharge. Balloon dilation angioplasty of RPA was first performed to relieve the obstruction; however, RPA restenosis was identified 1 month later. This patient had to undergo surgical reoperation of RPA enlargement with bovine pericardial patch. Both of these patients showed no evidence of restenosis at the most recent follow-up.
No other patients suffered from postoperative supravalvar aortic stenosis or aortic arch stenosis during follow-up period. At the last follow-up, all patients were in good cardiac function (New York Heart Association functional class I). Left ventricular ejection fraction was 69.6 AE 4.5% and RPA gradient was 21.4 AE 8.0 mm Hg. Tricuspid regurgitation was trivial in 9 patients (69.2%) and mild in 4 patients (30.8%).
DISCUSSION
Berry syndrome is a rare congenital heart disease with a combination of 3 different anomalies. The literature consists of anecdotal case studies performed by different surgeons throughout the world (Table 2) . [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Most centers advocate one-stage surgery in the neonatal period, although Ghelani and colleagues 5 suggested that a staged repair should be considered in premature infants or small-forgestational-age infants. We also recommend surgical correction should be performed as early as possible.
The optimal surgical treatment of APW and AORPA is still controversial. Three different surgical corrections have been discussed by different centers. In 1990, our institution first described a method of intra-aortic baffle patch to repair both the APW and AORPA. 18 This method has 3 advantages. First, it is relatively easy to perform. Second, it maintains the confluence between the MPA and RPA with no incision in the posterior aortic wall. Third, this procedure also largely reduces the risk of bleeding for a minimum incision and an anterior suture in the AAO. When this procedure is performed, the intra-aortic patch should be trimmed precisely to prevent obstruction of the left ventricular outflow and the RPA. Some authors, however, consider the size and growth potential of the baffle patch as 2 drawbacks for this procedure, especially in neonates. 19, 20 In our series, no patients developed supravalvar or RPA obstruction in the follow-up period, although 1 patient died of severe respiratory infection. They underwent surgery at a relatively older age, which may be the reason why no supravalvar obstruction was detected.
Among these 5 patients with intra-aortic baffle technique, 3 of them were type IIa APW defects and the remaining 2 were type IIb defects. In our experience, the intra-aortic baffle patch can be performed in all type IIa APW defects. Considering the pathologic characteristics in this subtype and that the APW is distal and RPA is straddling the aorta and the pulmonary trunk, the distance between the APW and RPA is close enough for patch repair. 11 The patch will form the lateral and posterior wall of the aorta, not just cross the cavity. At the same time, the RPA preserves its continuity with the MPA, and the patch will not influence the origin of the RPA. When it comes to Type IIb APW defects, however, supravalvar aortic stenosis may occur because the APW usually is forward and the origin of the RPA will move backward to the right posterior wall of the aorta. Theoretically, the distance between the APW and RPA may be too far for patch repair and the intra-aortic patch could lead to a reduction in aortic diameter and stenosis at the RPA origin. However, contrary to our previous expectation, supravalvar aortic stenosis was not found in 2 Type IIb patients. Mannelli and colleagues 12 also described several cases of intra-aortic patch repair in type IIb patients with no complications. Unfortunately, we are now unable to determine the potential risk factors for this procedure due to the limited number of our patients and the short term of follow-up.
RPA arterioplasty with aortic cuff is another surgical method to maintain the continuity of the RPA with the MPA; however, the aorta has to be transected, thus increasing the risk of bleeding in the posterior aortic wall, which often is quite difficult to find. Also the AAO should be shortened if a direct end-to-end anastomosis is performed to repair the aortic wall defect, thus causing obstruction of the RPA and left main bronchus when pressed by the aorta posteriorly. In this circumstance, we would perform Lecompte maneuver to shift the pulmonary arteries in front of AAO. At our institution, 1 patient died on postoperative day 1 in this group. Two patients received reoperation for RPA stenosis caused by the compression by aorta, and 1 patient underwent RPA reintervention for its origin stenosis. Reoperation rate of this surgical method is much greater than that of the other 2 methods. We reviewed the recent literatures and found that at least 2 of 6 patients (33.3%) who underwent this procedure developed RPA stenosis that required reinterventions. 4, 14 In our experience, this surgical procedure is not as successful and should not be the preferred approach. If the aortic cuff is large enough for direct suture of RPA to ensure its growth potential, patch augmentation of the posterior wall of the aorta is required to ensure an adequate aortic length to relieve the tension of the anastomosis. 3, 4 RPA detachment is another surgical method to translocate the RPA to the MPA. This procedure is now the most frequently performed in patients with isolated AROPA. 21 As long as the mobilization of the RPA is feasible, the RPA can be directly anastomosed to MPA with only an anterior patch augmentation to reduce the tension. If the distance is too far for direct suture, a trapdoor flap from the anterolateral wall of the MPA has been described by Chang and colleagues 22 to ensure a native tissue-to-tissue anastomosis with growth potential. With the application of this procedure, it is easier to transfer the RPA anteriorly to the aorta to decrease its compression by the airway, and the transposed RPA would be in a more accessible position for further reconstruction. Anterior translocation of the RPA is not included in a standard protocol but is selected according to surgeon preference. When compared with an intraaortic patch, RPA detachment is more flexible in RPA reconstruction, for it can be performed in all patients with Berry syndrome, no matter the origin of the RPA or the size of the APW; however, this procedure is more difficult to perform compared with the intra-aortic baffle and destroys the confluence between the MPA and RPA.
The surgical treatment of IAA in Berry syndrome is repaired the same as we do in isolated IAA; however, the surgical outcome of arch reconstruction plays an essential role in Berry syndrome. 3, 14 The distal obstruction of the aortic arch can cause the proximal dilation of the AAO, thus compressing the RPA and left main bronchus. 13 Under this circumstance, the optimal arch reconstruction method would be patch augmentation to eliminate postoperative arch stenosis. 3 
Limitations
There are several limitations of the present study. Although Berry syndrome is a rare congenital anomaly with only isolated cases reported, this is still a retrospective analysis of a single center with a relatively small group of patients. Our series also tended toward older patients, mainly because of the delayed presentation of some patients. Results may be affected by selection bias. Longer follow-up data are required to evaluate postoperative supravalvar aortic stenosis and RPA stenosis. We also lack strong evidence to determine the precise indications and contraindications for intra-aortic patch. Given the small size of our patient cohort and the small number of events, no risk factors were identified.
CONCLUSIONS
One-stage primary repair of Berry syndrome has achieved acceptable outcomes in recent years. The classification of this complex malformation is quite important for different surgical choices. Reoperations are mainly due to aortic or RPA stenosis. The reoperation rate is much higher when RPA arterioplasty is performed with an aortic cuff.
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